3) Trempe thermique ; 4) DCfaut d'irradiation.
Abstract. -The technique of positron annihilation by use of lifetime and angular correlation will be presented. The main characteristic of this technique is that defects are important in the annihilation processes. Results will be presented for : 1) Additively colored NaCl and KC1 single crystals ; 2) F to F-conversion ; 3) Thermal quenching ; 4) Radiation darnage.
These experiments show that F centers are effective as traps for positrons by the presence of a new 1.1 ns lifetime, and that trapping probability is proportional to the density of F centers, and further that F to F-conversion decreases this probability.
The introduction of defects by thermal treatment causes considerable changes in the annihilation spectra, and this defect influence on stage I coloration is also revealed in angular correlation measurements. From these experiments it is clear that stage I coloration takes place in a thin surface layer (in NaCI) within approximately four hours using a 1 ~n C i N a n source.
Before I present o u r results obtained with positron annihilation o n NaCl and KCI, I think its pertinent to discuss shortly the positron annihilation technique (see Fig. 1 ). During the past decade positron annihilation has become a n increasingly popular technique for studying crystal defects. T h e principles of the method are relatively simple, and these are illustrated schematically in figure 1. Fro111 a Na" source a positron is emitted simultaneously with a n 1.3 MeV gamma ray, and after the positron has become thermalized in the specimen two things may happen. It may either form a positroniurn (( uto~lz D, which is a bound state between a n electron and a positron, and then annihilate from this state, o r the positron may i~nnihilate freely. In both cases two gamma rays are emitted, each with a n energy of 0.5 MeV.
DOPPLER WlOADENING
T w o properties can now be measured cxperin~en-tally: The first one is the time elapsed from the emission of the birth gamma ray to th: emission of the annihilation garnrna rays. This constitutes the so called lifetime tneasuremcnt. The sccc>nd property is the ariglc between the two arlnihilation ganlrnah. If the electron-positron pail. is at ~.cst this angle is 180" due to monlentum cc~n~crvation. but if i t is mo\,inp a small deviation is obscr\,cd. Thc mcasurcment of this deviation ccinstiti~tes the angular corrc-lation curve, and as the positron is thermalized, it mainly expresses the electron monientum. Now, if positronium is formed, this shows up in the lifetime measurement as a rather long lifetime of about 1 ns, while in angular correlation curve it is detected by a change in the shape when a magnetic field is applied to the specimen [I] . Figure 2 shows a lifetime spectrum for KC1 additively colored to the indicated F-center concentration.
On the vertical axis we have the number of detected annihilations as function of the time elapsed from the emission of the birth gamma ray. If all the positrons annihilate with a single lifetime only one straight line should be present, but here we obviously are dealing with three lifetimes. These three lifetimes indicate that the positrons annihilate in three different places with different electron densities and where the lowest density gives the longest lifetime. The probability for annihilation with one of the lifetimes is expressed by the intensity of the lifetime.
In figure 3 we have shown an angular correlation curve for NaCl additively colored to the indicated F N C C I
P-a
NARRGvV AND B2OAD center concentration. On the vertical axis we have the number of detected annihilations as function of the deviation from n radians. The curve can experimentally be divided into two curves (dotted curves) : A broad one due to annihilation with high momentum electrons, and a narrow one due to annihilation of positroniun~. One can show that of the total amount of positronium formed only one quarter will contribute to the narrow component while the rest will contribute to the broad component [I] The intensities of the components are defined as the area under each component divided by the total area. In figure 4 is shown the lifetime t3 and the intensity I, in additively coloured NaCl as a function of the Exposing some of these additively colored crystals to a heavy irradiation dose by a 1 mCi positron sourcc. this decreased the intensity from 8 :/, to about 4 y,, in spite of an increase in the F-centre concentration by a factor of 5 or more. This observation suggests that defects other than just F-centres have been formed. such as V-centres, but no positive identification call yet be given.
For the sake of complete~~ess we just mention that the two other lifetimes were 0.2 and 0.4 ns, and thal the 0.4 ns lifetime seems, at least partly, to be connected with annihilation in vacancies, while the 0.2 ns lifetime is belived to be due to free annihilation.
In order to investigate thc time development of the irradiation damage in NaCl from the 1 mCi positron source used in angular correlation measurements, we measured the magnetic quenching effect at the top of the angular correlation curve (see Fig. 5 ). The upper points show the counts with a magnetic field of 20 kG, while the lower one corresponds to zero field, and the difference between these two curves is an expression for the formation of positronium. The fast increase of the upper curve within the first 10000 s is thus taken as evidence for an increased positronium formation, and from optical measurements this increase seems to be connected with stage I coloration. Now, to determine the narrow and broad components, one has of course to measure the whole angular correlation curve and as this takes at least 20 h, the results actually correspond to past stage I irradiated crystals.
The curves shown in figure 6 represent the narrow components in differently treated crystals. The lowest one (squares) is for a cleaved crystal, where the intensity is 6 % and the halfwidth is 3 mrad. The two other curves are for additively coloured crystals where the intensity is about 12 % and the halfwidth is 4.5 mrad, but as the same values were found for crystals which were thermally quenched in the same way as the coloured crystals, this suggests that it is the quenching and not the colouring, which causes the change ; and as the total positronium formation is four times the intensity of the narrow component, the quenching results in quite a large change from 24 to 48 %.
Further, one can calculate from the halfwidths by using the Heisenberg uncertainty principle, that in cleaved crystals the mean space in which the positronium atom is confined is 3.5 A, while in the quenched ones it only is 2.5 A.
